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Absrract

Crystala ef nm.agnesium oxide have been colored by irradiation
with ultraviolet light. x-rays, nigh energy electrons and neutrons.
The spectral distribution of optical absorption has the form of a
gradually incroasing tail exending from the visible region to the far
ultraviolet upon which are superimnposed several absorption bands.
Phoroc ondu' tivty in sinile cry3ials of rruagnesium oxide was measured
by a d c rnethod using a vibrating reed el~ectrometer. The spectral
distribution of photoronductivity is characterized by a gradually
riaing tail with superimpoaed peaks at 2 1, 3.7. and 4.8 ev. corresponding
to known op'ic a, absorption bands. A photcconductivity band was
fo-.wnd at Z-v witch has not been detected by optical absorption
Trr-asurerni.,ta irradiation of th, crystals by ultraviolet light causes
an enlizncerruent of the photoconductivity subsequently measured in

the- I ? and 2 I ev bands The enhancement effect reaches a
saturation leve!I whzch ta iodep-ecdent of the intensity of the ultraviolet
litfht and whic(h is a measure of the density of imperfections in the
crystaJ lattice The ultraviolet activated region can be displaced by
an electric field in such a direction as to indicate that the charge
carriers are holes in the valence band Bombardment by Van d. Graaff
electrons produces an enhancement of photoconductivity which is
unstable at room tomperature Neutron irradiation of the crystals
gives rise to a thermally unstable enhancement of photoconductivity
throughout the spectrum and also causes an increase in the level of
saturation of the ultraviolet activation. The latter increase is stable
at room temperature and vadicates that the neutron irradiation produces
r.aw lattice defects Thia effect naturates with increasing neutron
flux. An estirn.ate of tCa- dnnoity of lattice defects can be made from
thc- photoro.'dicztvity. An -re.r v lvel rmodei is proposed to explain
thn variou.s phctocorductivity b••tidn and the *nharzcement and saturatir-
ef•'ctc.



I INTRODUCTION

Single crystals of rngnesiura oxide may be colored by irradiation

2 2 3,4with ultra-riolet light . x-rays , noutrono and high energy electrons

Measurements of the spectral dependence of the optical absorption of

the colored crystals have rovealed several absorption bands in the

visible and ultraviolet regions superimposed upon a gradually rising

"I{iailul which extends over the entire spectrum and increases to only

-1
about 20 cm at 200 rni or 6. Z ev, the limit of measurement. There

in good agreement between the absorption measurements performed by

1-4
the writer and the published results of the other investigators

Absorption bands corresponding to those produced by irradiation havw

also been created 5 by the direct addition of excess magnesium and

oxygen to the crystal lattice. Prevlous attempts 2 . 3 8 6 to find photocon-

ductivity associated with this optical absorption have been unsuccessful.

However, by the refincment of the techniques and the use of more

so nsitivft current detecting apparatus, it has been possible to measure

1. J.11. Hibben. Phys. Rev. 51, 530 (1937) ,

2. J. P. Molnar and C.D. Hartman, P Rev. 79, 1015 (1950)

3. C.A. Boyd, D. Rich, and E. Avery, Atomic Ir Commission
Report M.DDC - 1508 .(1947)

4. C. M. Nelson and P. Pringsheim, Argonne National Laboratory
Prosgres faport AWL - 4232 (2nd. quarter 1948}

5. 11. WVeber, Zeitachrift fur Physlc 130, 392 (1951)

6. W. W. Tyler and R. L. Sproull, LPh. Rev. 83, 548 (1951)
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thz pcctral dependence of photoconductivity in magnesium oxide single-

cry- talls.

II :XPERIMEN TAL APPARATUS

Most of the s•mples were plates on the order of one millimeter

thic. and one centimetter square which had been cleaved from lArger

c--',tal.; obtaincO frern two iources One group waa supplied by the

- 8Nortcn Corn.-any7 and the other ,roup was grown at this 1.oratory

Aquadag electrodes were painted on opposite faces of crystals and were

air drict at room temperature The samples were mounted between

spring clip on Teflon insulators in an airtight box containing a dish of

calcium chloride as a drying agent. Desiccation was found to be

essential because of high leakage currents caused by str Lace moisture.

A quart: window was provided in the side of tho'boxto permit the "

entrance of the irradiating w.velengths. In the visible and near inWra-red,,,

region3, a tungsten filament projection lamp served as the light source, a"

100 watt, type H-4 mercury arc was used in the near ultraviolet

and a 1000 watt type H-b mercury arc was used in the far ultraviolet -.

Alter passing through a Gaertner quartz monochromator the light was

focused by means oi a system oi iront surLace mirrors -auto the edge-of

the sarnple. Provision was made for using a thormopile to monitor the

7. The N•orton Company, Niagara Falls 5, New York-,

8. Tbese crydtals were grown by Mr. H.F. John



intensity of the light at each wavelength setting. An electric field was

placed across the crystal by means of an external battery. The resulting

photocurrent was determined by passing it through a high resistance

and measuring the potential drop which it produced by means of an

Applied Physics Corporation vibrating reed electrometer. The highest
012

resistance used was 10 ohms and the electrometer would measure a

potential of 10"4 volt so that currents as low as 10"16 amperes could be

measured by the constant deflection method.

M EXPERIMENTAL RESULTS

1. Characteristics of Photoconductivit

The observed photocurrents were superimposed on a dark current

-15
of the order of 10 amperes which could be balanced out by a bucking

voltage in the electrometer. The increase of current produced by

iu•nination was called the photocurrent and it was found to be a linear

function of the intensity of the light and of the electric field strength up

to 14,000 volts/cm, the limit of measurement. It was also found that

the photocurrent at a given wavelength and light intensity did not depend

on wh-ether the light was distribw,'ed over the whole edge of the crystal

or focused on only a narrow regin,: . as long as tka total power re'eived

by the sarnple: remained uwchnxged. When a narrow region in the center

of a crystal was illuminated by ultraviolet light a current was produced

which, after an initial decrease by a factor of about two, was constant

-3-



over a period of many hourta. The rnechanism whereby constant d. c,

photocurrents can be produced by the illumination of only part of a

crystal is not yet understood *. Because of the linear dependence of

photocurrent upon intensity and electric field strength. the data were

reduced to units of induced photoconductivity per unit optical power

striking the crystal. No correction was made for the intensity of Light

which was not absorbed by the crys.t since in the extreme casme the

correction amounted to only a factor of three at the longest wavelengths

and was less than the estimrated uncertainty in measurement at the

shorter wavelengths. Since the photoconductivity ranged over several

decade:, thin correction would add little to the interpretation of the

results

The photoconductivity spectrum contains several bands which are

shown in Fig. 1. The rnidma of these bands occur at 1. Z. ZI. 3.7. and

4 8 ev, the latter .htree corrsponding closely to optical absorption bands

which wi-re found in the previous InvestigAtions. Since photoconductivity

* A soriee of experiments was carried out to investigate this matter. It
seems certain that true d. c currents are being observed and that light
scattered at the crystal surfaces aund within the crystal is not sufficient
to cause the obscrvcU photoc-irrent i. No increase in photocurrent is
observed when the light strikea the electrodes yet an experiment to be
deucril-, d later indicates a diutanc--of -travel of the charged particles of
only 10- cm in a field of 1000 voltui per cm. It 13 possible- that the ever
present dark current, although nutally small, may have some beLrinj on
this mechanism.

-4-
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in a more sensitive zner.urenent than optical absorption, it is

understrandable that the band at 1, 2. ev has not been detected by absorption

studies.

2. Ultraviolet Irradiation

Freshly cleaned cryctais exhibited a photoconductivity spectrum

iimilar to curve A of Fig. 2. The gradual riae and the shouldor at 580 rrn*

or 2.1 ev is characteristic of all photoconductivity spectra obacrv-d for

rar.gnesiurn oxido. The 580 rrn: band ouggestu the presence of an energy

levol •ituated In the forbidden hand 80 that a transition of 2.1 ev can

pro(duco free, chargc carriers, either in the conduction band or the valence

bl-nd. An oxperriunent to be described later has shown that thc' chargo

carriers arising from this transition are holes in the valence band; thus

the aseoctat.:d energy level@ are located 2.1 ev above thu top of that

band. It is l,clieved that thia photocoanductivity band corresponds to the

optical absorption band which occurs at very nearly the same wavelength

and which causos the characteristic visible coloration of the crystals

after Irradiation. Curve B of Fig. 2 represento the level of photoconductivity

in the same crystal after it had been irradiated for eight hours with

ultraviolet light at 312 rn'l. This treatment produced an increase by a

factor of nearly a thousand in the photoconductivity at 2. 1 ev and reveals

the new band at 1050 rn, or 1. Z ev. The photocurrents in this. region had

-5 -
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previously been so small thAt the'- were beyond the range of the detecting

instrum.ents. The photocurrent at 31Z nmýt, the wavelength of irradiation,

decreased by a factor of two during the first few minutes of the irradiation

after whilh it remained constant The enhancement of photoconductivity

in the -iaible and infra-red regions of the spectrum by irradiation with

ultraviolet light, and the decrease in the photoconductivity at the wave-

length of irradiation correspond closely to the shift in the optical

absorption spectrum which can be produced4 In a sireAlar manner. This

effect strongly suggests the transfer of electrons from one type of energy

level to anuvthnr in a manner similar to the process which is believed to

9
occur in alkali halides

The depandence of the enhanremnnt of photocooductivity upon the

time of irradiation is shown in Fig 3 The ultraviolet irradiation was

interrupted for brief intervals during which the photocurrent produced

by light of 580 mi, wat recorded It is apparent that the enhancement had

nearly reached saturation after 16,) ,ninute. and with this ultraviolet

intensity of 12 it watts no fulrther increase was observed after three hours

of irradiation

It was also found that if a - rystal which previously had been

activated by ultraviolet light wa;; irradiated for a long finn with yellow

9. N. F. MAott and R. UW. Gurney. Electronic 2lrocesaen in Ionic Crystals,
Second Edition, p. 1Z9 (Oxford University ProCss, London. 1948)
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light in the 580 m~i band, a decay was produced in the photoconductivity

at all wavelengths above 350 rný±. This decay is shovm in the right hand

side of Fig. 'v whe.,e the photocurrent at 580 rrI. is plotted as a function

of the time cf irradiation by 39 iL watts of light at that wavelength. The

rate of decay was greater with more intense light. In later experiments,

where a very rapid bleaching wa:, desired, the light from a 200 watt

projection lamp was allowea to pass through heat filters and fall directly

onto the crystal. This produced a decrease of photoconductiAty by a

factor of a hundred or more in Lhbout fifteen minutes.

Since the enhancement could be reroved by irradiation with yellow

light it was possible to make successive activations with ultraviolet.

Four different trials were made, each with ultraviolet radiation of

different intensity, the results of which are sIow in Fig. 4. The

saturation level, that is, the maximumn level to which 560 mx' photocurrent

could be activated, was the same regardless of the ultraviolet intensity.

However. the time required to reach saturation was roughly inversely

proportional to the intensity. The time required to reach saturation for

the various intensities were: 6.25 It wattc 6 hours; I1 V watts. 3 hours;

75 11 watts, 35 minutes; and 125 11 watts, less than 30 minutes.

A decay af the artivatIon cirnilar to that produced by yellow light,

but much slower, occurred at room temporature even when the crystal

-7-
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remained in the dark. The dotted curve in the center of Fig. 3 indicates

the sriall decrease which occurred when the sample remained overnight

in the dark. The decay in the dark was accelerated at higher temperatures

and the ultraviolet activation disappeared after thirty minutes at 1000 C.

The explanatibn is that at higher temperatures more charge carriers can

acquire enough thermal energy to become free of their shallow traps

and rzturn to the deeper lying levels from which they wert originally

excited by the ultraviolet radiation. It is not likely that 1000 C is high

enough to cause any appreciable diffunion of lattice defects., hence the

d'cay of the activation at this temperature must result only from the

transport of electrons.

A crystal which h4d been activated to saturation by ultraviolet

Irradiattion, was heated to about 1000 0 C in a vacuum better than 10-7

milliernters of mercury and cooled slowly to room temperature. Alter

the sample had been vacuurn annealed it was found that upon reactivation the

photocurrent at 580 rniL saturated at a level which was lower by a factor

of four than the previous 'zaturation level. The original saturation level

had been reproducable after thermal deactivation at low temperatures

(2O0 C to 1000 C) and after deactivation produced by irradiation with yellow

light but it could nut bb r,ýproduced after the high temprnerature annealing

in vacuum. W7hereas the decay at low temperature is caused by removing



electrons iroan traps, the lowering of the saturation level is a

completely different effect and must be due to a decrease in the number

of traps which may be occupied by the electrons. Therefore it is

believed that the level of maximum activation is a measure of the

density of defects in the magnesium oxide crystal lattice and that the

density of these defects can be changed by annealing the crystal.

This conclusion is consistent with the observation that the level of

maximum activation is independent of the uitraviolet intensity.

3. Sign of the Charge Carrier

V;Wen the photoconductivity was activated by a well defined

beam- of ultraviolet radiation which did not cover the entire

crystal. the enhancement was produced in only the localized

region which intercepted the beam. It is believed that the

mechanism of enhancement is that the ultraviolet photons produce

a transfer of charge carriers from one type of energy level to another.

iDuring this transler, the charge carriers pass through an energy a•nd

in which they are free to move under the application of an electric field

and thereby give rise to the observed photoconductivity. It was found

that by placing a strong electric ield across the crystal during the

irradiation it was possible to cause the charge carriers to drift a

measurable distance in the direction of the electric field before

-9-



hecon.ing trapped. This dxift was -manifested by a shift of the re.vion

of enhancement out of the ir-adiated area in a direction determined by

the sign of the charl:e ca rricr. A c:-ystal was illuminated by a narrow

beam of light passinC through it perp-endicular to the direction of the

applied electric field. The photocurrent was observed for 580 ni

licht as tht beam of .Igh. was moved along the crystal parallel to the

.rection cf the lield Next. mith the beam set in the center of the

crystal a very narrow region was irradiated for one minute, at 335 MýL.

corresponding to one of the ultraviolet bands shown in Fig. 1. This

irradiation wa3 sufficient to produce activation but not saturation.

Then with 58C m. light, the beam vras again swept across the crystal

and the photocurrent was recurded. The results, which are shown in

Fig. 5, were found to depenc upon the electric field in the crystal at

the time of the ultraviolet irradiation. The experiment was performed

three times, with no "7ield. and with a field of 3800 volts/cm directed

to the right and then to the leflt Between trials the previous activation

wa3 removed by heating the crystal for several hours at 100°C. In each

case whei- a field was applied the activated region was found to have

shifted toward the negative electrode, indicating that the charge carriers

are positive, hence they must be holes in the valence band.

An explanation of the enhancement of photoconductivity in the 580 ML

-- :.-13 - "



o r' CO ) Io
zI

-- 4n

.01-

LJ~o

N.L

ii,_91

INGZVVLN)\\%JNOIAALD



band by ultraviolet irradiation L; that ultraviolet photons excite valence

band electrons tc unfilnd upper Ie.el9, in this caie to levels 3.7 cv above

the valence band. Thc- holes which are produced by this transition migrate

until they combine with electrons froin the populated levels Z. 1 ev above

the valenc.e band. it is these vacant levels at Z. I ev which are now

responsible for the optical absorption and photoconductivity bands at

580 mir. Thermally or optically excited electron tran3itions to these

vacant lcvcl3 cause a ble.iching of the yc llow band and a reversal of

the process. Eluctrons from tho ueper levels may now combine with the

holes created in the valence band. This results in the return of tho

optical a,bsorption and photoconduct i -Aty at 335 m. to their original values.

After ultraviolet irradip.tion the crystal is in a thermodynamically unstable

conJdition, that Ia. with many higher lovel.k filled and lower lying levels

empty. The sponttneous decay of the enhancement Is therefore easily

understood. Of cour..., thermal decay occurs during the ultraviolet

irrad.ition and it might seem that the saturation level of the enhancement

would be determined by a "rate process' in which the nutiber of vacant

low iying traps would be set by an equilibrium between the rate of thermal

release of the holes and the rate of their capture. However. there are

two objections to this expllanation Th' fir, iti that the level of uaturation

io independent of the intenoitv of sultraviolet radiationt. The .second is that

I- 11 -



if the equilibrium were determiAned by a rate process the initial rate of

decay in the dark should be of the same order of magnitude as the initial

rate of ibncreaae upon irradiation with ultraviolet. It is apparent from

Fig-. 3 that this is not the case. It has been mentioned that the photoconductivity

in the yellow band incroasae by a factor of more than a -hundred during

ultraviolet irradiation while the photocondu.trivity at the wavelength of

irradiation decreases by only a factor of two or three. This can be

explained by assurnlng that there mudt be a much larger number of

upper levels than of low-lying levels. For these reasons it is believed

that the saturation s not governed by a rate process and occurs only

w-.he-n 4I1 tIe lowor lying levels have become vacant.

4. Neutron Irradiation, Primary Effect

The crystal discussed in connection with I'fg. 2 waa irradiated with

neutrons in the heavy water reactor at the Argonne National laboratory.

After a long irradiation the photoconductivity baturated at the level

repreri'nted by curve C of Fig. 2, indicating that the maximum level of

activation produced by neutrons was a factor of twenty higher than that

produc.ed by the ultraviolet irradiation. Thd sample wa& left in the dark

for aevcrnl day: during which time the ,hotc conductivity decayed to curvce B.

flncn-its of this rather rapid decay in the .lark it in believed that the

twenty fold enhancema-nt produced by neutron irradiation wan largely

-. 2 -



electronir in nature. T'ii activation to a thermally unstable state is

referred to arbitrarily as the "pr.rmary effect" of neutron irradiation.

A series of irradiations were made in order to determine the rate

of activation by neutrons. The neutron induced photoconductivity approaches

a zaturation and it was found that no further increase was produced by an
!52

integrated flux of more than 5 x 10 neutrons /cMr

A crystal grown at the University of Missouri was neutron irradiated

until a saturation of the photoconductivity occurred. The spectral

distribution of photoconductivity at saturation Is shown by Fig. 6. curve A,

This is compared with the spectral distribution of a Norton crystal. curve B,

also obtained alter saturation by neutron irradiation. Adlthought the curve

for the Norton crystal is lower, Its peaks are more accentuated than those

in the upper curve. These data suggest that the peaks in the photoccaductivity

curves may be due to one kind of Lattice defect sad the "background" may be

due to other types. The ratios of the densities of defects of the various

types would then be different in crystals obtained from the two sources.

The data of Fig. 1 were taken for a crystal immediately after It had

been irradiated by neutrons. The four banni were discussed previously.

5. Neutron Irradiation. S•econdary Effect

After th' phrtoconditvtivity of the. neutron irradlati.d crystal of

Fig. z had decayed from curve ( to abliut thir level of curve 1, the

- 13 -
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crystal was irradiated with ultraviolet until saturation occurred. It was

found that a new saturation level, curve D, was produced which was

higher by a factor of two thaun the saturation lev2l B observed before

the neutron bombardment. If the ultraviolet enhancement saturates only

after all the low-lying energy levels are emptied. as suggested earlier,

this new saturation level must r,zalt from the production of new lattice

defects during the neutron irradiation. Thus it is believed that the

neutron bonmbardmnent produces lattice defects by removing atoms from

their normal lattice sites and placing them elsewhere at interstitial

positions. As a ch'.ck on the reproducibility of this effect, the sample

was irradiated with 580 Mrv light until the photoconductlvity had decayed

to curve E. Upon uubsequent ultraviolet irradiation saturatioS occurred

again at level D. indicating that the new lattica defects produced by the

neutron bombard•ments are stable at room temperature.

This sample was later heated for fifteen hours at 1000 C and than

irradiated with ultraviolet. The saturation level at 580 ntA was still the

same as shown by curve D of Fig. 2. After heating the srmple for

seventy-five minutes at 3000 C the ultraviolet saturation was found to

have decreased to the level shown by curve B which represents the condition

of the sample befor,- neutron irradiation The cry3tal was then irradiated

by a neutron flux whiich was larger by a factor of ten than that used

- 14 -
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previously. The integrated neutron Liux irt this ca-se "Was 6. 5 x 102

neutrons/cm The photoconcluctivity of the !.aniple waa at first very

high (curve C of Fig. 2 ) but this "primary effect" could be removed

by irradiation with visible light until the sample was in a state near

that represented by curve E. Upon subsequent ultraviolet irradiation

the photoconductivity measured at 580 r',, eatui-ated at the value shown

by curve D. the sarne as had been obtained after the first neutron

bombarrd-ment,

The results of the baking procedure and the second neutron

irradiation verify the reproducibility of the neutron produced saturation

level D and suggeMt the following: 1. The level of saturation of the

enhan:cement of photoconductivity by ultraviolet irradiation is stable at

room temperature and is a measure of the density of defects in the

crystal lattice. 2. This level of saturation can be changed by neutron

bombardmeut in a procesa which ithall be called the "secondary effect"

as distingulnhed from the temporary neutron produced enhancement

referred to as the "primary effect". 3. The secondary effect itself

reache a saturation level which is independent of the intensity of the

neutron flux and which can bh reproduced by fu.-ther bombardment after

the cry-tal has been thermally annealed. 4. The fact that th,ý ultraviolet

saturation level can be lowered by heat treatment after the neutron



irradiation indicates that the lat!7c3 defects thur produced can be removed

by thermal annealing. This su-ports the hyotlesis that neutrons

produce lattice defects by knocking atoma from their normal sites rather

than by introducing impurities through transmutation.

The secoa•dary effect was iLivestigitcd further by making a series

of short neuitron irradiations on a sample grown at the University of

Missouri which initially had a nrwch lower ultraviolet saturation level than the

other crystals. This cryatal wan. neutron irradiatod for a definite time

and then exposed to intenre radiation in the visible region in order to

remove thin prirmary crtlancc'ment The crystal was then irradiated with

ultraviolet at 335 m- unt il a sat-ration occurred in the pbotoconductivity

at 680 rmn This procedure was repreated with irradiation ol increasing

duration a"d the results of the experlmnnt are shown in Fig. 7. The

curves show that most of the secondary enhanct mernt is produced by an

Integrated flux. NVT. of 1013 neutrons/crn2 and only a slight further

increase is produced by an irradLation one thousand times longer. The

saturation of the secondary effect occurred at the same levwd1 for t,,e

sarmples of Fig 2 and Fig. 7 altlough before neutron irrAdiation the

taturation levels lhferod by two orders of rmkagnitude

A third cry.stal was studied which initially Rhowcd an ultraviolet

saturation level the sarre as the inal saturation leveid ,-A the other two

- 16-
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crystals. When it was irradiated with neutrons no secondary enhancement

was observed, that is, the ultraviolet saturation level did not change.

Since two of these crystals were obtained from the Norton Company and

one was grown at the University of Missouri, these results indicate

tlhat the level of saturation o:- the secondary effect is independent of the

origin of the .rystals and independent of the original density of lattice

defects which were ?resent.

Thib saturation of th-- iecondary eifect results from establisbhing

an equilibrium den5ity of lattice detecto by neutron bombardment. That

such a de'itty should be reached can be underztood by a~stuming that

the energy required! to create a vacancy plus an in-tertitlai!-ion

considerably exceeds the activation energy required to cause their

recombination. Since both proce. ses are induced by the bombarding

neutrons It is clear than an equilibrium density of vacancies might result.

6. Electron Irradiation

Sample- Which had been irradiated by Van de Graaft electrons

showed a purple coloration and a spectral di,;tribution of photoconductivity

which were quite sim'tilar to those produced by other type. of irradiation.

A saturation of the enhancement waj reached with an irradiation of lemb

than 60 IA amp-seconds of I M ev electrons. Because of an extremely

rapid decay which occurred at room temperature the time delay between

- 17 -
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the end --." the irradiation a-ad the nmeasurernent of photocurrent was of

as great significance as the length of the irradiation; thus the results

obtained were somewhat inconclu3ix'e.

During the measurement of photoconductivity in electron irradiated

crystals it waq observed t'hat illumination of the crystal gave rise to a

photocurrent even in the ab-.cnce of an applied potential between the

electrodes The directic.ncftldw -. :rL.nt jLG reversible and depended

upon the position of the beam of light on the crystal. Regardless of

where the beam of light fell on the sample the directionof the current

was such that Lhe net flow of electrons was toward the nearer electrode.

Thus It is believed that for a short timne after the electron bombardment

the crystals were negatively charged and because of their extremely

high resistivity they were capable of retaining this charge. This

trapped charge could create an intrrnal electric field which upon

illumination would drive electrons from the crystal to the nearest

eiectrode in the absence of an externally applied potential.

7. Low Temperature Studies

Although only a very small change is observed in the optical

absorption bands of magne-ium oxide when its temperature is lowered

to that of liquid air the photoconductivity was found to decrease by a

factor of more than 105 between 300"iK and 90 0 K. The sharp dependence



of photoconductivity upon temperature suggests that a two-step process

may be involved in which the reiease of charge carriers depends upon

their acquiring enough thermal energy to be released from localized

energy levels to which they have been excited by the photons.

8. Cornvressed Pill3

Gold electrdcs were evaporated on the surfaces of several

pills of compressed magnesium oxide powder having a density approdLumrtely

one-half of the crystal density. The magnesiu-n oxidw powder from

which the'- p.... .. or-red was the same as used for the crystals

grown in this laboratory. Any differences in the observed results for

the single c',istals and the comxlpressed pills must result from either

a difference in physical structuiro or to imnpurities~ entering during: the

growth of the crysa•al-. Although a lahotocurrenL coul-I Le detect-e. it

wa . found that the dark current present in a cqrnpre•tsed pill wa.. about

a million times greater than in a single cryatal oi aimilar dimensions

flence the. spectral dependence of photoconductivity could pot be

mreajure,1. Ail attempts3 to r,'-,uce the dark current by baking the .am1 le.,

at 000 Cr and by, leaving them in the desiccated ;ample bc4 for long

period., of time were unsucce..siul. This 3uggests that the dark current

it; a ,;urface property and i. much larger in the pills becau.e of the large,'

surface area.
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1. hotoconductivity Bands

:,easurtments oi the spectral distribution of photoccnductivity in

magnesiumr o:dde have revealed bands which corrcspond in wavelength

to those which were found in the optical abuorption spectra by other

inveotigators The photoconductivity study has shown that electronic

transitions are pcooible at 1. Z, 2.1, 3.7 anrd 4.8 ev.

The additivc coloration experimenti of V.'ebcr5 have identified

the abuorption banrlq at Z 1, 3.7, and .I.R ev with excess a.nesurnm

ond two bands at 4. 3 awl 5 7 t-, ,.,itb oxt• oxyy"en Since it in believed

that neutron bombardment digplace atonms from their normal lattice

'3iteR to interstitial po:ition creating vacancies both exceos magnesium and

excess oxygen absorption bands might be produced by the neutron

irradiation- F he photoconductivity band which were found after

irradiation ccrreopond to the optical absorption bands due to excess

magnesium and Lbands duo to tho excess ixygen were not detected. The

4. 3 ev oxygen band may have been present but obscured by the two

adjace.nt 3.7 a-rn 4.8 ev magnrsium bands. The 5.6 ev band was not

obaerved becau,.e eqiiipment limitations prevented measurements at that

photon onoŽrgy.

2. Energy Level Model

A fairly definite energy lev1l modal can be reduced from these

- 2.0) -



transitions and the reoults of the various exper-iments. This model i0

shown in 1Fig. $1 The wridth of [he forbidden band is not knownv, but it is

certainly Larger than 6.5 ev because at t.a' cnergy the coefficiknt of

optical ab3orption i3 still fairly 3-mall. Ph•Lotor. energies capable of

inducing land to band transitions should give rice to aboorption

coefficient s larger by a factor of 10J or 10 than is observed at 6. 5 ov.

On the baris of x-ray measurements10 the forbidden gap may be as

large as lV) to 15 ev Electrons play the m.ajor role in electrical

conduction at high temperatures (1300 0°i) as indicated by thermoelectric

power measur-.mentn. It has also been found that the thermionic :orl,

function of rnagnesiurn oxido is about Z. 8 electron voltn12 . out its relation

to the enrgy level rnod'lo ij, uncertain as yet.

An experiment was derlcribed which showed that holos are produced

by irradiation at 335 rrm and 5860 M, - Localized lavcla must. lie at

several energies above the valance band cirreo.ponding to the ubaorved

photoconductivIty bands. For the sake of eimplicity only two of these are

shown in I'ig. 8-A, at 2.1 and 3.7 -v above tho vrlen:e band. Initially,

most of th3 E£ levols are filled by electrona in accord with a Formni-Dirac

distribution function and -ninl of thi EkI lcvele are vacant. V,hen the

I(.' Mott and Gurncy, p. 76-78, 101

11. H. F. John, Private Communication

12. J. R Ste.enson, O.N.R Quarterly Progress Peiport. Dept. of
Physics, Univernity oi Missouri 8Junu 15, 19521
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crystal ju illurminated' by 530 -np light, very few L levels can accept

electrons e::citci iom the valence band hence the optical absorption and

photoconductiwvty azt weak at that v;aveleaath. However, where there is

a vacant E level an electron can be excited to it (quantum Y in Fig. 8-Bl)

prod..... i- a 'o!c in a- e vlcncc band. Thiz- holc t'..n -dr'A •ft with the

electric field until it capturcs an electron from one of the filled levels

in the forbidden band, thub accounting for the weak photoconductivity

InItially present. Since there are many unfi.)ed levels at E the optical

abbLorption coeuficient Is high for photon energles capable of producing

this transition.

The proceois of enalmncemen¶ of jhotocondnctivity in the yellow region

by irradiation with ultraviolet light can be explained by this model.

Ultraviolet photore,quan-ta UV in Fig. 8-13. excite electrone to levels at

.1 . creating holes in the valence band. Theme holevs then drift until

they combine wilh electrons from levelo at E½. There arv now many empty

Lz levels so that u:.on unbcicquent irradiation with yellow light the probability

of electron tranritions to those levelL is larger than before and the crystal

will exhibit both a greater optical absorption and photoconductivity at that

energy. The activation jrocCus continues until all of the E: levels are

empty and a saturation o( the enhancement occurs. Of coursc, holes

drifting tnrough the valence band may capture electrons from other energy

- lZZ



levels but ouly- the captvrc from the Z 1 ev level need be considered

to explain the enha.cerne•ut at 581, n..

The band'- at 1053 rn. or 1 2 cv i!4 also enh-anced by irradiation at

335 ir,-. The '1.2 and 2 I cv bands incrcasc ;irnfult'taneOitily Ujpon

,;ltraviolet iri-adiation arird bo't' l.b-ad_ reach a ia~urg'tion a: about the

aamc ti-ne ',ince botni handr, arc. acti\,ated by fuit iamie wavlehnnth the

charRe car riers at-ccia'wed vilh the I ? ev le\clh rmutit be holes in the

valenc,, band a i they are for 1-e ?.1 ev levels Thesc ba~nd* can alto be

acttvatcd Ly irradiation with ultraviolet at wavelengths other than 335 nr..

"The Sarmv, prcceas' explains thc enha'cement produced by the other

wavelengtho and the apparent equivalence of these variouu waveleugtbu

ouggeuts that all photoconductioc in smagneslum oxide i. by means of

holes in the valence baeid

V hen a crywuil ir, activated tivhctrons arc tra iferreil iron, the I''Z

levels vi,t the valence band to the levels at Kl The p-obabilitv oh a

transition from thi valence band to an k.£ level tu therefore diminished.

accountin• for the . crease with time in the photocurrenf :,i. duced by the

hrradiatiralg wavelength T-he fact that thile ocIvreaf"C as ortly a factor of

two Lorupared ro the rnich larger increatso of the '."Z photoconductivity

band i u cxplainrd by . - suming that therc arc many more levels at Yd

tha: at .

Z3)



In the state oi activation produced by ultraviolet irradiation the

distribution of electrons among the energy levels is not therarlly stable

because there are many more electrons at thc higher energy. El, than there

are at E7. Decay to the original state takes place by a mechanism in which

an electron in the valence band is thermally excited to the E2 level.

This creates r. hole in the valence band which difts until it captures an

electron from & filled E level. The net effect is the transfer of electrons

from the E levels to thy E z levels by "'passing through" the valence band.

Since tho E luv-lg in this case arc Z.1 ev above the valence band, there to

small probability that eloctrons will acqudre enough thermnal energy to

make the trsautirion, thus the decay occurs slowly at room temperature.

However, if photons o( this energy irradiate the crystal the rate of

transfer of elc.rcrwiu to h1± ESz levels is increased and the photocmaductivity

at that wavolength decays much more rapidly.

3. !ýn c

In the experiment determining the tmign of the charge carrier, the

crystal is irradiated in a very nasrrow region by ultraviolet light. This

produces charge carriers which rlriCt, on the a,.cragty a small distance

down the potental gra(lient before being trapped. A very rough idea of the

range can be obtained by noting this drt.t-nce of drift. With nn electric

field of 2. 8 x 103 volts/cm the dioplacernent of the region of activation
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I
-3

can be estirnatcd ,from Fi,. 5 to be about 5 x 10 cmr. Most of the

photoconductiity experiments were pe;rformed with a field of 1 I

-3
in which case the range would be on the order of 10 cm.

4. Quantum Efficiency

If n charrje carriero are created and trapped in the timee t, each

moving a distanac x before being trap pcd, the p hotoconductivity current

indicated by an external detector is,

1 fex
tC (1

If radiation of frequency -y falls on the crystal for t'. % time t, the

number ot photon. abjorbed if,

N - Pt
by (2

wheru I' is thb opticn1 power abuortnd in the- crystal. ';olving equpatit.

(1) for n and writinc the fraction n/N one obtains thne quantum efficiency,

a - Li'"L

N xe P (3

indepcndent of any assumption of the lifetime. 5ubstitution of valuets

-7

for a typTical ma rap!e shoa s;/ that n/N increaceu from 10 electrons /photon

at 1050 rn, to )-4 clectrono per pihoton at 255 m; . These efficiencies

are trnall but c.re not unreasonable con3idering; the extremely low

conductivity of magnescium oxide. For co!n_.narieon, the quantum efficiency
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13 -6
for photoernisoion from barium o.-xidc1 is only about 10 electrnns

per photon at 600 rm'.

5. Density of the Color Centers

Using the value 10"4 electrons/photon for the quantum eificiency

at the waleclervth o: the ultraviolet irradiation and knowing the time

required to saturate the photoconductivity at 580 my-, one can calculate

the number of electrons required to iill all of the Z.1 ev levels. The

number of electrons released during the time, T, required to produce

thyv aaturation io.

fn*% PT =AV (4

( N]by

where# is the density oz centers and V Is the volume of tlh crystal

irradlated. F-arom thiu calculation one finds there are about

14 3
2 x 10 ccnter 4 /crn This calcuIaticm wa.l cnrricd out for the crystal

of Fig. 2 following neutron irradiation and rcpre•znts the saturation

level o± Z.I ev centers, E of Fig. 8. Since the 1.Z ev !,%nd saturated

in alI)out the t0arno' time ans the 2. I ev aint?- appro:dtrnwtely the ,1ame

density of centers must be associated with that energy.

In terma of other physical quantities, the ranae per unit field w~rength.

where [ is the moan free path for ccllisions with the lattico andjc is

13. 1. L. Sparks, Thesis. University of Missouri, 1951
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